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ABSTRACT 
The Laser Interferometer Gravitational-Wave Observatory (LIGO) and the Laser 
Interferometer Space Antenna (LISA) both utilize displacement measuring 
interferometers to obtain high precision measurements of linear motion. Displacement 
measuring interferometers are among the most sensitive devices for tracking linear 
motion.  High precision measurements are primarily limited by periodic errors, also known 
as nonlinear errors, which arise from frequency mixing, polarization mixing, and ghost 
reflections.  These errors can be mitigated by spatially separating the beams in the 
interferometer and through purposeful misalignment of the optics. 

It was determined that the compact heterodyne interferometer designed and built through 
this research shows achievable picometer level displacement sensitivity in air, has no 
detectable periodic errors, and was found to be twice as thermally stable as other highly 
stable commercial interferometers, enabling high precision displacement measurements 
over long distances. 
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1 Introduction 
Displacement interferometry offers the most sensitive and accurate method of tracking 
linear motion. The goal of this research was to design and build a highly compact 
prototype interferometer for making high resolution displacement measurements.  
Heterodyne interferometry allows for displacement measurements of a target that moves 
significantly farther than one fringe (wavelength) by detecting the change in phase of a 
beat signal that is created with the interference of two laser beams running at different 
frequencies.  This technology and research has various applications for both ground and 
space-based gravitational wave observatories such as the Laser Interferometer 
Gravitational-Wave Observatory (LIGO) and the Laser Interferometer Space Antenna 
(LISA). 

1.1  Interferometry 
Interferometry is used as a method of measuring distances and displacements using light.  
Interferometers can be thought of as “optical rulers”, an instrument to measure physical 
displacements.  

1.1.1 Plane Waves 
The electric field vector can be described in terms of its amplitude and phase components 
at any point in space by 

𝑬𝑬(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡) = 𝑬𝑬(𝒓𝒓, 𝑡𝑡) = 𝑬𝑬𝟎𝟎(𝒓𝒓, 𝑡𝑡)𝑒𝑒𝑖𝑖𝑖𝑖(𝒓𝒓,𝑡𝑡) (1) 

where r is the position vector, E0 is the amplitude, and φ is the phase, which are functions 
of space and time. To simplify, the expression can be rewritten for a linearly polarized 
monochromatic wave as 

𝐸𝐸(𝒓𝒓, 𝑡𝑡) = 𝑬𝑬𝟎𝟎(𝒓𝒓, 𝑡𝑡)𝑒𝑒𝑖𝑖�𝜔𝜔𝑡𝑡−𝑖𝑖(𝒓𝒓)� (2) 

where ω is the angular frequency, which is related to frequency, ν, by  

𝜔𝜔 = 2𝜋𝜋𝜋𝜋 (3) 

The plane wave is the simplest form of an electromagnetic wave. Plane waves are waves 
of constant phase and the wavefronts are infinite parallel planes of constant amplitude.  
These waves are produced by a monochromatic point source at infinity, and are also 
known as collimated light.  The expression for a linearly polarized plane wave is 

𝑬𝑬(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡) = 𝑬𝑬𝟎𝟎𝑒𝑒𝑖𝑖(𝜔𝜔𝑡𝑡−𝒌𝒌∙𝒓𝒓) (4) 

where k is the wavevector which describes the direction of propagation and the 
magnitude is described by its wavenumber, k. 

𝑘𝑘 =
2𝜋𝜋
𝜆𝜆

(5) 

The wavelength, λ, is related to the frequency, f, and the angular frequency, ω, of the 
plane wave by the speed of light, v, of a medium with a refractive index n by 
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𝜆𝜆 =
𝑓𝑓
𝑣𝑣

= 2𝜋𝜋
𝑓𝑓
𝜔𝜔

=
𝑐𝑐
𝑛𝑛𝑣𝑣

= 2𝜋𝜋
𝑐𝑐
𝑛𝑛𝜔𝜔

(6) 

A linearly polarized plane wave traveling in the z-direction of a given coordinate space 
can be written as the following 

𝑬𝑬(𝑥𝑥,𝑦𝑦, 𝑧𝑧, 𝑡𝑡) = 𝑬𝑬𝟎𝟎𝑒𝑒𝑖𝑖(𝜔𝜔𝑡𝑡−𝑘𝑘𝑘𝑘) (7) 

1.1.2 Interference 
Electric fields in linear media can be combined using the principle of superposition.  
Meaning, fields of the same type can be summed to find the combined strength of the 
wave.   

The total complex amplitude is the summation of all the electric fields 

𝑬𝑬(𝒓𝒓, 𝑡𝑡) = �𝑬𝑬
𝑖𝑖 𝑖𝑖

(𝒓𝒓, 𝑡𝑡) (8) 

The intensity of the field can then be calculated by taking the modulus squared of the sum 
of the electric field 

𝐼𝐼(𝒓𝒓, 𝑡𝑡) = 〈|𝑬𝑬(𝒓𝒓, 𝑡𝑡)|2〉 (9) 

Consider two electric fields,  
𝐸𝐸1 = 𝐸𝐸1𝑒𝑒𝑖𝑖(𝜔𝜔1𝑡𝑡+𝑖𝑖1) (10) 

𝐸𝐸2 = 𝐸𝐸2𝑒𝑒𝑖𝑖(𝜔𝜔2𝑡𝑡+𝑖𝑖2) (11) 

E1 and E2 can be mathematically interfered, or combined 

𝐼𝐼(𝒓𝒓, 𝑡𝑡) = 〈|𝑬𝑬1|2〉 + 〈|𝑬𝑬2|2〉 + 〈|𝑬𝑬1 ∙ 𝑬𝑬2∗ |〉〈|𝑬𝑬1∗ ∙ 𝑬𝑬2|〉 (12) 

𝐼𝐼(𝒓𝒓, 𝑡𝑡) = 𝐼𝐼1 + 𝐼𝐼2 + 〈|𝑬𝑬1 ∙ 𝑬𝑬2∗ |〉〈|𝑬𝑬1∗ ∙ 𝑬𝑬2|〉 (13) 

The simplified field intensity is 

𝐼𝐼(𝒓𝒓, 𝑡𝑡) = 𝐼𝐼1 + 𝐼𝐼2 + 2(𝑬𝑬1 ∙ 𝑬𝑬2) 𝑐𝑐𝑐𝑐𝑐𝑐[(𝜔𝜔1 − 𝜔𝜔2)𝑡𝑡 − (𝜙𝜙1 − 𝜙𝜙2)] (14) 

Through manipulation of the above intensity equation, a few important points can be 
made.  First, if the interfering waves have orthogonal linear polarization, there will be no 
interference patterns because the dot product of the amplitudes will equal zero.  The only 
contribution is the addition of the intensities of the two beams.  Next, if the frequencies of 
the two beams are unequal, the resulting interference will be composed of a beat signal 
that is related to the difference of the two frequencies.  The concept of interference 
between fields of unequal frequencies, or heterodyne interference, will be described more 
in Section 1.1.4.  Finally, there is the case of parallel linearly polarized waves that have 
equal frequencies, ω1=ω2, which is called homodyne interferometry. In this case, the 
intensity field would be written as follows 

𝐼𝐼(𝒓𝒓, 𝑡𝑡) = 𝐼𝐼1 + 𝐼𝐼2 + 2�𝐼𝐼1𝐼𝐼2 𝑐𝑐𝑐𝑐𝑐𝑐(𝛥𝛥𝜙𝜙) (15) 
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where the phase difference is Δφ=φ1+φ2.  The intensity of the interference signal follows 
a sinusoidal pattern according to the phase difference between the two interfering waves.  
The phase difference comes from the difference in optical path length (OPL) between the 
two beams at the point of observation, OPD, which is given by  

𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑂𝑂𝑂𝑂𝐿𝐿1 − 𝑂𝑂𝑂𝑂𝐿𝐿2 = �
𝜆𝜆

2𝜋𝜋
�𝛥𝛥𝜙𝜙 (16) 

𝛥𝛥𝜙𝜙 = �
2𝜋𝜋
𝜆𝜆
�𝑂𝑂𝑂𝑂𝑂𝑂 (17) 

Equations 1-17 were referenced from the Handbook of Optics [1]. 

When the waves are in phase, their amplitudes add constructively, creating a bright fringe.  
This is called constructive interference and occurs when the fields are out of phase by 
exactly 2π radians.  When the waves are out of phase, their amplitudes add destructively, 
creating a dark fringe.  This is called destructive interference and occurs when the fields 
are out of phase by exactly π radians.  The minimum spacing between adjacent fringes 
of the same irradiance is given by 

𝛬𝛬 =
2𝜋𝜋
‖𝛥𝛥𝑘𝑘‖

(18) 

where Δk is the difference in wave vectors as used in [2].   

 
Figure 1-1 Two plane wave interference pattern showing how the wave vectors affect the pattern [2]. 

Another important piece of information that can be derived from the expression for 
intensity is visibility. Visibility, or fringe contrast, can be calculated from the minimum and 
maximum intensity values and describes the relative intensities of the interfering beams 
as shown in Equation 19 [2].  Visibility is a value that ranges from 0 to 1 and is a figure of 
merit to describe the quality of the interference.  Figure 1-2 demonstrates how visibility 
can be determined from a sinusoidal interference pattern. 
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Figure 1-2 Fringe visibility [2] 

 

𝑉𝑉 =
𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 + 𝐼𝐼𝑚𝑚𝑖𝑖𝑚𝑚
𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 + 𝐼𝐼𝑚𝑚𝑖𝑖𝑚𝑚

  (19) 

There are several factors that can decrease the visibility in an interferometer, such as 
unmatched amplitudes of the interfering waves, mismatch in their wavefronts, polarization 
mismatch, as well as non-ideal alignment of the beams.  Any of these factors may result 
in a DC offset in the sine waves, causing the Imin value to be larger than zero, which would 
decrease the overall visibility.  An interference pattern with a visibility of 1 will have an Imin 
of zero, meaning the waves have perfect destructive interference and the resulting dark 
fringe has zero intensity, known as a null fringe. 

1.1.3 Homodyne Interferometry 
Homodyne interferometry is the interference of electric fields of the same frequency, ω1-
ω2=0. Equation 14 simplifies to 

𝐼𝐼(𝒓𝒓, 𝑡𝑡) = 𝐼𝐼1 + 𝐼𝐼2 + 2(𝑬𝑬1 ∙ 𝑬𝑬2) 𝑐𝑐𝑐𝑐𝑐𝑐[𝜙𝜙2 − 𝜙𝜙1]  (20) 

For homodyne interferometry, displacement measurements are typically performed on 
motions that are significantly less than one wavelength, within the linear range of the 
sinusoidal slope of the interference pattern.  This small dynamic range can be limiting 
when attempting to make displacement measurements. Some modulation schemes such 
as deep phase modulation allow the measurement of targets over several fringes using 
laser beams of equal frequency [3]. 

However, due to their simple design and high sensitivity, homodyne interferometers are 
quite common for many commercial uses.  Figure 1-3 shows a basic Michelson 
homodyne interferometer.   
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Figure 1-3 Michelson homodyne laser interferometer [4]. 

However, for this research, the ability to measure larger displacements was needed to 
observe the motion of test masses under gravitational effects, and thus heterodyne 
interferometry was explored.   

1.1.4 Heterodyne Interferometry 
Heterodyne interferometry utilizes the interference of two electric fields, E1 and E2, with a 
nonzero frequency difference, ω1 - ω2 ≠ 0, to create an interference pattern with a beat 
signal that allows for displacement measurements over more than one fringe.  Typical 
heterodyne interferometers, like the one shown in Figure 1-4, have a beamsplitter which 
recombine the two electric fields right before entering the detectors. BS1 splits the 
incoming laser light into two paths, M1 and M2 are flat mirrors, and BS2 recombines the 
light fields and sends them into detectors PDR and PDM which act as the reference and 
measurement detectors. 

 
Figure 1-4 Simple diagram of a Mach-Zehnder heterodyne interferometer, showing the recombination of electric fields 

at BS2. 
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The electric fields input into the system can be written as shown in Equations 10 and 11.  
Then, the electric fields incident upon each detector, PDR and PDM can be calculated as 

𝐸𝐸𝑃𝑃𝐷𝐷1 = 𝑖𝑖𝑖𝑖𝐸𝐸1𝑒𝑒𝑖𝑖(𝜔𝜔1𝑡𝑡+𝑖𝑖1) + 𝜌𝜌𝐸𝐸2𝑒𝑒𝑖𝑖(𝜔𝜔1𝑡𝑡+𝑖𝑖2) (21) 

𝐸𝐸𝑃𝑃𝐷𝐷2 = 𝜌𝜌𝐸𝐸1𝑒𝑒𝑖𝑖(𝜔𝜔1𝑡𝑡+𝑖𝑖1) + 𝑖𝑖𝑖𝑖𝐸𝐸2𝑒𝑒𝑖𝑖(𝜔𝜔1𝑡𝑡+𝑖𝑖2) (22) 

where ρ is the reflection coefficient and τ is the transmission coefficient as described in 
[5].  To maintain conservation of energy, while ignoring absorption from materials, the 
transmission and reflection coefficients can be written as 

𝜌𝜌2 + 𝑖𝑖2 = 1 (23) 

Variations in the optical path length of one arm of the interferometer with respect to the 
other arm causes a change in phase, Δϕshift, in one electric field.  E1 and E2 can now be 
expressed as  

𝐸𝐸1(𝑡𝑡) = 𝐸𝐸1𝑒𝑒𝑖𝑖�𝜔𝜔1𝑡𝑡+𝑖𝑖1+𝛥𝛥𝑖𝑖𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖� (24) 

𝐸𝐸2(𝑡𝑡) = 𝐸𝐸2𝑒𝑒𝑖𝑖(𝜔𝜔2𝑡𝑡+𝑖𝑖2) (24) 

with E1 seeing the phase shift.  In the interference signal, the phase shift, Δϕshift, will 
affect both signals equally. The heterodyne interference can be written as 

𝐼𝐼𝑃𝑃𝐷𝐷𝑀𝑀(𝑡𝑡) = 𝑖𝑖2𝐸𝐸12 + 𝜌𝜌2𝐸𝐸22 − 2𝑖𝑖𝜌𝜌𝐸𝐸1𝐸𝐸2 𝑐𝑐𝑖𝑖𝑛𝑛�𝛥𝛥𝜔𝜔𝑡𝑡 + 𝛥𝛥𝜙𝜙 + 𝛥𝛥𝜙𝜙𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑡𝑡� (25) 

𝐼𝐼𝑃𝑃𝐷𝐷𝑅𝑅(𝑡𝑡) = 𝜌𝜌2𝐸𝐸12 + 𝑖𝑖2𝐸𝐸22 + 2𝑖𝑖𝜌𝜌𝐸𝐸1𝐸𝐸2 𝑐𝑐𝑖𝑖𝑛𝑛�𝛥𝛥𝜔𝜔𝑡𝑡 + 𝛥𝛥𝜙𝜙 + 𝛥𝛥𝜙𝜙𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑡𝑡� (26) 

The changes in optical pathlength, ΔL, are related to the phase shift, Δ𝜙𝜙, by 

𝛥𝛥𝜙𝜙 =
2𝜋𝜋𝛥𝛥𝐿𝐿
𝜆𝜆

(27) 

where λ is the average wavelength of the two interfering beams.  The heterodyne signal 
seen by a detector can be written simply as 

𝐼𝐼(𝑡𝑡) = 𝐴𝐴�1− 𝑉𝑉 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐�𝛥𝛥𝜔𝜔𝑡𝑡 + 𝛥𝛥𝜙𝜙𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑡𝑡�� (28)  

where V is visibility from Equation 19 and A is the amplitude of the signal.  The equations 
used in this section are referenced from [5]. 

The frequency of the laser light, which is typically used for interferometry, has a temporal 
frequency that is much too high to be detected precisely enough by regular 
photodetectors, on the order of hundreds of Terahertz.  However, when two signals of 
slightly different frequencies interfere, the result is a “beat” signal that oscillates at a much 
lower frequency which can be easily measured.  The envelope of the beat signal is 
defined as the difference in frequency between the two signals, f1 − f2 = Δf [4].  Figure 1-
4 shows the result of two signals of slightly different frequencies interfering and producing 
a beat signal that is the result of constructive and destructive interference between the 
two signals. 
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Figure 1-5 Beat signal created from the interference of two signals with slightly different frequencies [6]. 

1.2 LIGO 
Interferometry allows for some of the world’s most sensitive and accurate measurements.  
The Laser Interferometer Gravitational-Wave Observatory (LIGO) is currently the world’s 
most sensitive interferometer, capable of observing gravitational waves from supernovae, 
black-hole mergers, neutron stars, and other large astronomical events that bend 
spacetime, sending barely detectable waves through the cosmos.  LW with the ability to 
detect the change in position of the end interferometer mirror, also known as the test 
mass, down to 10-20 meters [7]. 

          
Figure 1-6 The LIGO sites in Livingston, Louisiana (left) and Hanford, Washington (right).  The long arms of the 

interferometer each extend 4km and contain vacuum pipes to stabilize the optical path lengths [8]. 

LIGO has been expanded over the years to include many more sites, allowing for 
simultaneous detection, fewer false positives, among other benefits. 
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1.2.1 Optomechanical Resonators 
The compact heterodyne interferometer designed in this work will be able to measure the 
displacements of a test mass on fused-silica optomechanical resonators with resonance 
frequencies between a few Hz and 10 kHz.  These sensors are comprised of a stationary 
base in the shape of a U with two free-moving test masses that are held onto the base 
with thin flexors and react to external forces. These mechanical oscillators are 
monolithically fabricated from a single fused-silica wafer, which allows high mechanical 
quality factors, Q, and therefore make for very high sensitivity inertial sensors. These 
optomechanical sensors can be equipped and used with additional optomechanical 
components to produce various measurement instruments with a single resonator, such 
as laser-interferometric accelerometers and optomechanical lasers with vertical external-
cavity surface-emitting lasers (VECSELs).  Small flat mirrors can be mounted onto the 
sensor to perform displacement interferometry on the dynamic test mass.  These 
resonators can be used for measurements in seismometry, inertial navigation, and more.  
Figures 1-5 and 1-6 show a photo and a CAD drawing of a monolithic mechanical 
resonator with a resonance frequency of 10 Hz which has been measured with 
heterodyne interferometers. 

 
Figure 1-7 10 Hz optomechanical resonator compared to a quarter. 
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Figure 1-8 CAD model of the 10Hz optomechanical resonator. The test masses are shown in a close-up view at the 

top right corner. They move laterally in the x-direction as labeled. 

2 Interferometer Design 
The goal of this interferometer is to design a device that is compact while still being able 
to measure lateral displacements down to the sub-nanometer level in air. It is expected 
to achieve sub-picometer sensitivities while operating in a vacuum environment.  In order 
to have high precision measurements while still allowing a large dynamic range for the 
test motion, the interferometer needs to be heterodyne, meaning it will incorporate laser 
beams running at slightly different frequencies.  Noise can be reduced by having common 
path optics and reducing overall path lengths.  Finally, periodic errors, a common limiting 
factor of high precision interferometers, can be minimized by spatially separating the 
beam, which is a consideration in the design of the interferometer layout.  All these design 
considerations will allow for very high precision displacement measurements. 

Over the course of this project, two interferometers were constructed and used for 
experimentation.  The first was an interferometer operating at 1064nm, the operating 
wavelength of LIGO and LISA.  The second interferometer was built to operate at 633nm 
(HeNe) due to availability of components and to run proof-of-concept experimentation.  
The design of these two interferometers is nominally the same, however certain 
components were changed based on availability. 

2.1 Initial Design Considerations 
The interferometer was designed with the goal of using it to measure movements of 
optomechanical resonators that have test mass movements of several microns up to 
millimeters.  In order to measure such large displacements, the interferometer utilizes 
heterodyne interferometry, meaning the interference will occur between electric fields of 
different frequencies.  As described in Chapter 1, heterodyne interferometry allows for 
displacement measurements longer than a single wavelength which would enable 
measurements of the optomechanical resonators. 

The next goal was to ensure the minimization of periodic errors in the measurement which 
would severely inhibit the ability to make high precision measurements.  Periodic errors, 
common in heterodyne interferometry, can limit the measurements’ precision and 
accuracy at levels of several nanometers [9].  A goal of this interferometer is to be able 
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to measure sub-nanometer displacements so periodic errors must be strongly mitigated 
in the system.  This can be accomplished through common-path optics and careful 
alignment considerations.  Periodic errors in this system are discussed in further detail in 
Chapter 4. 

Finally, the interferometer needs to be very compact to allow for future integration directly 
onto an optomechanical resonator.  Small “off-the-shelf” optics were researched for the 
prototype design of this interferometer to allow for increased simplicity and relatively low 
cost.   

The interferometer begins with a laser of a given wavelength that is split using 1x2 fiber 
couplers to deliver light to acousto-optic modulators (AOMs) that shift the frequency of 
the outgoing light.  This frequency shift produces a beat signal in the interference pattern, 
allowing for displacement measurements of more than a single wavelength. 

2.1.1 1064nm Interferometer Design 
The 1064nm interferometer design utilizes a lateral displacement beamsplitter (LDBS), 
which is essentially a beamsplitter bonded with a right-angle prism, to split each incoming 
beam into two laterally displaced beams, for a total of four beams entering the 
interferometer.  Then the light travels through a polarization beamsplitter (PBS), through 
a quarter waveplate (QWP), and is delivered to a set of flat mirrors.  As noted in Figures 
2-1 and 2-2 below, the mirror M serves as a static mirror to characterize noise of the 
interferometer itself, MR is the reference mirror, and MM is the measurement mirror. If this 
interferometer was being used to measure motion of an optomechanical resonator, MR 
would be attached to the frame, nominally motionless, MM would be mounted on the 
moving test mass of the mechanical oscillator, and M would be mounted on the same 
platform the interferometer is on.  This setup would allow for precise measurements of 
the motion of the test mass of the optomechanical resonator.  After reflection off the 
mirrors, all four beams travel back through the interferometer and are recombined using 
another LDBS.  
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Figure 2-1 3D drawing of the 1064nm version of the interferometer. The blue line represents light with no frequency 
shift and the red line represents light that has been frequency shifted by δf. MM is the measurement mirror on the 

frame of the sensor MR is the reference mirror on the sensor, and M is the reference mirror mounted separate from 
the sensor to characterize noise from the interferometer. 

 
Figure 2-2 Top view of the 1064nm version of interferometer. The incoming beams from the laser source appear on 

top of each other from this view.  Additionally, this figure shows how the mirrors would be integrated onto an 
optomechanical resonator. 

Figure 2-3 shows the tabletop setup of the 1064nm interferometer.  The beam path is 
traced in red to further illustrate how the interferometer functions and show the size of the 
interferometer in a laboratory setting. The interferometer takes up less than a 2-foot 
square on the table. 
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Figure 2-3 Top view of 1064nm heterodyne interferometer in the laboratory.  The beams displaced in the vertical 

direction are drawn overlapping. 

2.1.2 HeNe (633nm) Interferometer Design 
The same effects of the LDBS can be accomplished with a beamsplitter orientated at 45°, 
where the division occurs at the corner of the beamsplitter, as shown in Figure 2-4 for the 
HeNe version of the interferometer.  This second HeNe interferometer is built using the 
same exact principles as were used for the 1064nm interferometer.  Much of the testing 
and analysis discussed later involves the use of the HeNe interferometer. This 
interferometer and the corresponding results have been compiled into a journal article 
that we have submitted for publication to JOSA A, special issue in “Advances in Optical 
Metrology & Instrumentation” [10].  Figure 2-3 shows a 3D drawing of the HeNe 
interferometer. 
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Figure 2-4 3D model of the HeNe version of the compact heterodyne interferometer.  The blue and red lines 
represent 633nm light frequency shifted by AOMs with frequencies f1 and f2.  The beams are divided using 

beamsplitters oriented at 45° rather than LDBSs like in the 1064nm setup.  This was chosen due to the availability of 
components. 

Figures 2-5 and 2-6 show the laboratory tabletop setup of the HeNe interferometer.  
Figure 2-5 shows the laser source for the interferometer; the 633 nm light is split and 
enters two acousto-optic frequency shifters, AOFS1 and AOFS2, which frequency-shift the 
633 nm light by 80 MHz and 85 MHz respectively.  These two beams are then aligned 
into polarization-maintaining fibers that deliver the light to the interferometer shown in 
Figure 2-6 at the top left corner. 

 
Figure 2-5 The HeNe laser source (633nm) is divided into two paths and each interact with an AOFS which 

frequency-shifts the incoming light by 80 MHz and 85 MHz respectively and sends the light into the interferometer via 
polarization-maintaining fibers. 
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Figure 2-6 Top view of the HeNe interferometer in the laboratory.  The beam path is traced in red and the beams 

displaced in the vertical direction are drawn overlapping. 

2.2 Analysis of HeNe System 
The HeNe compact interferometer begins with two laser beams originating from a 
common source at a frequency f0 which are frequency-shifted by AOMs by amounts δf1 
and δf2, respectively. These beams are then delivered to the system via spatially 
separated polarization-maintaining fibers (PMFs) and fiber collimators. This results in 
each beam having different phase offsets, φ1 and φ2. The two beams travel to BS1 which 
is oriented at a 45° angle to laterally separate the beams – producing a total of four 
spatially separated beams at the output of BS1.  The beams then pass through a 
polarizing beamsplitter (PBS), a quarter-waveplate (QWP), reflect off three mirrors for 
displacement characterization, pass back through the interferometer, and are recombined 
with BS2.  See Figure 2-7 for clarification of component names and locations in the 
system.   
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Figure 2-7 Top view of HeNe heterodyne laser interferometer. The block in the top right shows a rear view of the 

system for clarification of the locations of the four spatially separated beams. 

The four beams that travel through the interferometer can be expressed mathematically 
as electric fields to analyze the different phase components and sources of potential 
periodic errors:  

𝐸𝐸1 = 𝐸𝐸0 exp[2𝜋𝜋𝑖𝑖(𝑓𝑓0 + 𝛿𝛿𝑓𝑓2)𝑡𝑡 + 𝜙𝜙1 + 𝜙𝜙𝑡𝑡(𝑥𝑥0 + 𝛿𝛿𝑥𝑥,𝑦𝑦0 + 𝛿𝛿𝑦𝑦) + 𝜙𝜙𝑅𝑅] (29) 

𝐸𝐸2 = 𝐸𝐸0 𝑒𝑒𝑥𝑥𝑒𝑒[2𝜋𝜋𝑖𝑖(𝑓𝑓0 + 𝛿𝛿𝑓𝑓1)𝑡𝑡 + 𝜙𝜙2 + 𝜙𝜙𝑡𝑡(𝑥𝑥0 + 𝛿𝛿𝑥𝑥,𝑦𝑦0)] (30) 

𝐸𝐸3 = 𝑒𝑒𝑥𝑥𝑒𝑒[2𝜋𝜋𝑖𝑖(𝑓𝑓0 + 𝛿𝛿𝑓𝑓2)𝑡𝑡 + 𝜙𝜙1 + 𝜙𝜙𝑡𝑡(𝑥𝑥0,𝑦𝑦0 + 𝛿𝛿𝑦𝑦) + 𝜙𝜙𝑀𝑀]  (31) 

𝐸𝐸4 = 𝐸𝐸0 𝑒𝑒𝑥𝑥𝑒𝑒[2𝜋𝜋𝑖𝑖(𝑓𝑓0 + 𝛿𝛿𝑓𝑓1)𝑡𝑡 + 𝜙𝜙2 + 𝜙𝜙𝑡𝑡(𝑥𝑥0, 𝑦𝑦0)] (32) 

The term φt is the total phase noise due to the beams travelling through the glass of the 
beamsplitters and the air spacings between components.  This noise term can be 
minimized by reducing the air spacing between the components which could be 
accomplished through bonding the optics.  The coordinates of φt are written in reference 
to E4, located in the bottom left corner as drawn in Figure 2-4.  The distances between 
the beams in the x and y directions are written as δx and δy respectively.  The terms φR 
and φM describe the phases from the reference and measurement beam paths 
respectively. 

Once the four beams enter the final beamsplitter (BS2), beams E1 and E2, and beams E3 
and E4 overlap and interfere at their corresponding photodetectors, PDR and PDM.  
Mathematically, the two interference signals can be calculated using Equation 14.  It is 
assumed that the thermal effects from the beam paths are not coupled in the x and y 
directions and thus the phase noise, φt, can be consolidated in the intensity equation and 
written simply as φtx and φty,  which correspond to the phase noises in the x and y 
directions, respectively.  The interference intensity distribution of the reference and 
measurement output beams can be written as  
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𝐼𝐼𝑅𝑅 = 𝐼𝐼0�1 + 𝑐𝑐𝑐𝑐𝑐𝑐�2𝜋𝜋𝛿𝛿𝑓𝑓𝑡𝑡 + 𝜑𝜑𝑅𝑅 + ∆𝜑𝜑𝑡𝑡𝑡𝑡�� (33) 

𝐼𝐼𝑀𝑀 = 𝐼𝐼0�1 + 𝑐𝑐𝑐𝑐𝑐𝑐�2𝜋𝜋𝛿𝛿𝑓𝑓𝑡𝑡 + 𝜑𝜑𝑀𝑀 + ∆𝜑𝜑𝑡𝑡𝑡𝑡�� (34) 

where I0 is the average intensity, δf, is the beat frequency (calculated as δf=f1-f2), and ∆φty 
is the thermal phase noise in the y direction.  The thermal phase noise in the x direction 
can be cancelled out since it is a common path term between the interfering beams.  
When comparing IM and IR during analysis, ∆φty, can be cancelled out as well since it is 
common to both IM and IR.  This means that, theoretically, the interferometer is thermally 
stable. 

3 Stability Characterization 
In order to characterize the measurement limits of the interferometer, numerous stability 
tests were performed. Throughout measurements of the stability and noise floor of the 
interferometer, the interferometer was isolated from as many electrical and environmental 
factors as possible.  All electrical components were moved off the optical table to limit 
electrical noise in the measurements.  All measurements were taken in a laboratory 
environment, not in a vacuum environment.  For this reason, an isolation box was placed 
over the interferometer to limit environmental noise such as acoustics, temperature 
fluctuations, wind, etc.   

Using a Liquid Instruments Moku:Lab Phasemeter [11], the phase was measured at the 
two detectors at the output of the interferometer.  Then, the difference between the two 
channels was computed to find the stability in phase between these two detector paths.  
Finally, the displacement is calculated by multiplying Δ𝜙𝜙, the phase difference, in units of 
radians by 𝜆𝜆

4𝜋𝜋
 to acquire the displacement in units of meters.  The stability was then 

analyzed using linear spectral density plots to determine noise floors at various 
frequencies.  Note that the Moku:Lab has limited sampling frequency options in the data 
collector and thus the sampling frequencies chosen during experimentation are picked 
based on the resolution desired for the given measurement. 

3.1 Linear Spectral Density 
The power spectral density, PSD, of a signal describes the distribution of power over the 
frequencies that the signal is composed of and has units of m2/Hz.  Mathematically, the 
PDS is the Fourier transform of the autocorrelation of the signal in the time domain.  The 
linear spectral density, LSD, is the square root of the power spectral density and has units 
of m/√Hz [12].  Linear spectral density is a useful metric for analyzing the frequency 
contributions of a linear displacement signal.  The PSD can be thought of as a bandpass 
filter which extracts bands of frequencies from the input signal.  

The LSDs calculated in this report are computed using a MATLAB code developed using 
the LTPDA MATLAB toolbox for the purpose of data analysis for the LISA Pathfinder 
Mission [13].  In the context of this research, the LSD plots function as a convenient and 
useful method for analyzing the detectable traces of certain frequencies in the 
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displacement measurements, allowing for the noise floor of the interferometer to be 
quantified. 

For example, consider a configuration of the interferometer with all three mirrors (M, MR, 
and MM) aligned to the system with MM mounted to a Piezo-electric Transducer (PZT) that 
allows for controlled movement of the mirror at a predetermined oscillation frequency.  
Figure 3-1 shows the LSD for the HeNe interferometer with MM oscillating at a frequency 
of 1 Hz.  At 1 Hz there is a strong peak, indicating the signal has a high concentration, or 
density, of frequencies at 1 Hz.  Additional harmonics of the signal are indicated at the 
shorter peaks at 2 Hz, 3 Hz, 4 Hz, and so on.  Harmonic frequencies occur at integer 
multiples of the original signal. 

 
Figure 3-1 Linear Spectral Density plot of 1 Hz mirror motion operating a PZT a 20V and measuring with the HeNe 

interferometer. 

3.2 Short-Term Stability Tests 
For initial stability tests, the interferometer setup was altered from the setup described in 
Chapter 2 to have only one stationary mirror to replace M, MR, and MM.  This allowed for 
only common beam paths, ensuring that only common noise from the system is detected.  
Figure 3-1 below shows a short-term stability measurement of the HeNe interferometer 
over 10 seconds.  The bandwidth of the phasemeter was set as 10 kHz and the sampling 
rate was set to 488 Hz to allow for high resolution data. 
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Figure 3-2 Stability test of HeNe interferometer over ten second period. 

The data shows the interferometer being stable to less than 0.2 nanometers over short 
time intervals with a standard deviation of 28 pm.  The linear spectral density plot in Figure 
3-3 shows the system’s stability, or noise floor, is below 10−10 m

√Hz
 with increased instability 

between 10 and 30 Hz which was determined to be caused by acoustics in the laboratory. 

 
Figure 3-3 Linear spectral density plot of ten second stability test. 
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3.3 Long-Term Stability Tests 
Stability measurements were performed with the 1064nm interferometer and the HeNe 
interferometer over a 12-hour period when activity in the building was minimal.  Both 
interferometers only had one stationary mirror in place of M, MM, and MR. The resulting 
displacement measurements are shown in Figure 3-4a and 3-4b for the 1064nm 
interferometer and HeNe interferometer, respectively. The interferometer phase drifted 
nearly 25 nm in the 1064nm interferometer and 3 nm in the HeNe interferometer, relative 
to their starting positions.  It is unclear whether the mirror physically drifted or if the 
interferometer drifted due to excess noise.  The 1064nm interferometer could have drifted 
farther since the laser was not frequency stabilized. 

a) 

 
b) 

 
Figure 3-4 Long term stability measurement of a)1064nm Interferometer (5pm to 5am on 2/26/20) and b) HeNe 

Interferometer (1pm-1am on 3/26/20) 

To investigate a potential source of this drift, we assembled a temperature sensor to 
measure ambient temperatures in the laboratory near the interferometer.  The circuit of 
temperature sensor consisted of an NTC103 thermistor and a 10kΩ load resistor.  Figure 
3-7 shows in blue the displacement the interferometer saw over a 7-hour time period and 
in red shows the temperatures of the laboratory over the same time interval.  Hours 2-9 
were used from the measurement to show the relationship between displacement and 
temperature more clearly.  The temperature and displacement lines follow an undeniably 
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similar trend and therefore, it was assumed that the source of drift is from the temperature 
changes in the room that are ultimately changing the OPLs of the interferometer arms. 

 
Figure 3-5 Long-term HeNe interferometry stability over 12-hour period on 3/26/20 plotted with the temperature 

measured with NTC 103 thermistor over the same 7-hour period. 

Over the 7-hour period, we measured a temperature drift from 22.38°C to 21.84°C and 
the interferometer saw a drift of 2.44 nm.  This translates to a system drift of approximately 
5.5 nm/C°.  A high-stability commercial interferometer from Zygo has a temperature drift 
quoted as 10 nm/C°, making the HeNe interferometer twice as thermally stable [14].  The 
system has potential for further thermal stabilization but was only tested in an uncontrolled 
laboratory environment. 

3.4 Allan Deviation 
Allan variance is a common metric used to quantify the frequency stability in oscillators 
and can be expressed as 𝜎𝜎𝑡𝑡2(𝑖𝑖), where τ is the observation time, or sampling period.  The 
square root of the Allan variance is known as the Allan deviation and can be expressed 
as 𝜎𝜎𝑡𝑡(𝑖𝑖).  The Allan deviation is able to characterize the stability of a signal due to noise 
processes but is not able to characterize any systematic errors from sources such as 
frequency drift or thermal effects [15]. 

The computed Allan variance is dependent upon the sampling period, or integration time, 
and is thus not a single number, but a plot of values over a range of integration times, τ.  
Allan variance is defined as  

𝜎𝜎𝑡𝑡2(𝑖𝑖) = 〈𝜎𝜎𝑡𝑡2(2, 𝑖𝑖, 𝑖𝑖)〉 (35) 

and can be expressed as 
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𝜎𝜎𝑡𝑡2(𝑖𝑖) =
1
2
〈(𝑦𝑦�𝑚𝑚+1 − 𝑦𝑦�𝑚𝑚)2〉 =

1
2𝑖𝑖2

〈(𝑥𝑥𝑚𝑚+2 − 2𝑥𝑥𝑚𝑚+1 + 𝑥𝑥𝑚𝑚)2〉 (36) 

where 𝑖𝑖 is the integration time, 𝑦𝑦�𝑚𝑚 is the nth fractional frequency average over the 
integration time [15].  By inputting a data set’s frequency data, the deviations can be 
computed. 

The Allan deviation was computed for the HeNe interferometer’s 7-hour stability 
measurement (from Section 3.3) and is shown in Figure 3-8.  The system was found to 
have a stability of about 2 pm for an integration time of 1 second.  As the integration time 
increases, so does the instability, primarily due to the thermal drift in the laboratory.  Table 
1 below shows the stability at a selection of integration times. 

 
Figure 3-6 Allan deviation of long-term stability measurement (7 hours) with HeNe interferometer. 

Integration Time [s] Stability [pm] 
1 1.87 
2 3.14 

128 11.9 
4096 296 

Table 1 Samples of stability from the Allan deviation calculation of the long-term stability of the HeNe interferometer. 

In comparison, the Allan deviation was computed for the 1064 nm interferometer (shown 
in Figure 3-9) which does not have a frequency stabilized laser source and may not have 
been as environmentally isolated as the HeNe interferometer.  The 1064 nm 
interferometer has a stability of 61 pm at an integration time of 1 second.  It appears to 
be approximately one order of magnitude less sensitive than the HeNe interferometer 
over the spectrum of integration times. 



30 
 

 
Figure 3-7 Allan deviation of the long-term stability measurement performed on the 1064 nm interferometer. 

3.5 Stability of 3-Mirror System 
To prepare for displacement measurement tests in the next section, a second set of short-
term stability tests were performed with all three mirrors (M, MM, and MR) present and 
aligned to the interferometer, but all stationary.  This allowed for analysis of the system 
that was used for displacement testing.  It is expected that the interferometer will be less 
stable since there are more components and more potential for optical paths being 
different due to environmental vibrations.  

Another short-term stability test was performed for the same amount of time with the 
single stationary mirror, under the same conditions, to allow for a direct comparison.  Both 
of the following measurements were taken using the Moku:Lab phasemeter with a 
sampling frequency of 488 Hz over a two-minute period.  The displacement of the single 
mirror setup has a standard deviation of 0.194 nm while the displacement of the three-
mirror setup had a standard deviation of 5.431 nm. 

After the displacement measurements were collected, I performed a linear spectral 
density analysis to determine the noise floor of the two different stability measurements 
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at a range of frequencies from 0.001 Hz to 1000 Hz.  Figure 3-8 shows the LSD plots and 
Table 2 shows the values of the noise floors at two different frequency ranges.   

 
Figure 3-8 Linear Spectral Density plots of the single mirror stability setup and the three mirror stability setup. 

Frequency Range Single Mirror Noise Floor 3 Mirror Noise Floor 
0.01-0.1 Hz 100 pm 1000 pm 
0.1-10 Hz 10 pm 100 pm 

Table 2 Noise floor values at high and low frequency ranges for the single mirror and 3 mirror stability measurements. 

The three-mirror setup exhibits a higher interferometer noise floor by an order of 
magnitude as compared with the single-mirror setup.  This is most likely caused by the 
mirrors being individually mounted and subjected to the vibrations of the laboratory 
environment.  These vibrations can be further mitigated through more environmental 
isolation through foam insulation, suspended platforms, or placing the interferometer in a 
vacuum chamber. 

A commercial displacement measuring interferometer was used to compare the HeNe 
interferometer’s stability and displacement performance.  A Renishaw XL-80 was used 
as the commercial comparison. This type of commercial interferometer is mostly self-
contained and is relatively simple to set up and use, making it a great choice for a 
comparison interferometer. Figure 3-9 shows the results of a 20 second stability 
measurement for both the HeNe interferometer and the Renishaw interferometer.  The 
standard deviation of the HeNe stability displacement was 7.8 nm and the standard 
deviation of the Renishaw interferometer was 7.6 nm.  The two interferometers have 
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comparable stabilities so the displacement measurements in the following section can be 
directly compared. 

 
Figure 3-9 Stability comparison between HeNe interferometer and commercial Renishaw interferometer. 

4 Displacement Measurements 
To test the interferometer further, displacement measurements were performed by 
intentionally moving the measurement mirror, MM, and observing the interferometer’s 
response.  To perform the displacement measurements, the HeNe interferometer was 
setup to include all three mirrors (M, MR, and MM) aligned in the system.  

4.1 Comparison to Commercial Interferometer 
The measurement mirror, MM, of the HeNe interferometer, was mounted onto a piezo 
electric transducer (PZT) stage to allow for controlled motion of the mirror. The stage 
model was MAX312D from Thorlabs.  The PZT stage takes an input voltage signal and 
translates it into linear motion.  The PZT allows for controlled movement of one mirror in 
a single axis which can be directly measured with an interferometer. On the same stage, 
a retroreflector was mounted facing the opposite direction to act as a measurement mirror 
for a commercial displacement measuring interferometer, XL-80 from Renishaw.  As 
stated in the previous section, this type of commercial interferometer is mostly self-
contained and is relatively simple to set up and use.  Furthermore, the Renishaw 
interferometer is homodyne, so it allows for comparison between the measurement 
capabilities of homodyne and heterodyne interferometers. 

When the PZT stage is driven, it is expected that both interferometers will observe the 
same translation of the stage when actuated, just opposite signs of translation.  A simple 
diagram of the experimental setup is illustrated in Figure 4-1.  Both mirrors are mounted 
on a common stage that was driven with triangle waveforms to measure and quantify 
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displacements, ensuring that the HeNe interferometer measures the same displacements 
as the commercial system. 

 
Figure 4-1The PZT stage is stationed in between the HeNe interferometer and the commercial Renishaw 

interferometer with two mirrors mounted on it - one to act as a measurement mirror for each interferometer. 

Figure 4-2 shows the result of a 20 μm PZT stage translation that is measured with both 
the HeNe interferometer and the commercial Renishaw interferometer, where the signals 
have opposite signs, as expected. The PZT stage was operated with a triangular 
waveform at 0.06 Hz for a period of 20 seconds and in an open-loop with 20 nm step 
sizes.  The HeNe interferometer was measured with the Moku:Lab Phasemeter at a 
sampling frequency of 30.5 Hz and the Renishaw interferometer was measured with its 
commercial software at a sampling frequency of 20 Hz and averaged over 0.1 ms. The 
sampling frequencies were chosen to be as close as the respective software packages 
would allow.  

 
Figure 4-2 Displacement comparison measurement between HeNe interferometer and commercial Renishaw 

interferometer.  Both interferometers saw a 20 μm displacement from their measurement mirrors being moved via a 
PZT stage. 

To examine the difference between the measurements, we computed the sum of the data 
shown in Figure 4-2 to find the residual errors between the responses of the 
interferometers.  The measurement differences over the 20 second measurement period 
are shown in Figure 4-3.  These residuals between the two interferometers agree and 
show a standard deviation of 55.8 nm. This means that the HeNe interferometer is 
operating as expected and its measurement capabilities are validated by comparing them 
to the commercial system. 
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Figure 4-3 Residual error between the HeNe and Renishaw interferometer measurements of the 20 um displacement 

in Figure 4-2. 

Small imperfections can be seen along the linear travel of both the HeNe and Renishaw 
signals in Figure 4-2 as well as sharp peaks in Figure 4-3. These are artifacts from the 20 
nm step size of the PZT stage. Much of the error between the measurements can be 
attributed to inconsistencies from sampling a stepping function. 

4.2 Periodic Errors 
In order to make more precise interferometry displacement measurements, efforts have 
been made to perform measurements below the nanometer level. However, challenges 
with periodic errors arise when attempting to make sub-fringe measurements [16].  
Periodic errors are nonlinearities between phase and physical displacement due to 
polarization and frequency mixing from parasitic reflections in the interferometer [17]. 

Periodic errors in homodyne interferometers typically come from quadrature detection.  
These imperfections in detection can come from unequal gain, positional offset of 
detectors, or phase shift errors.  Periodic errors in heterodyne interferometry are typically 
caused by frequency mixing, polarization mixing, and ghost reflections from slightly 
misaligned optics. Periodic errors can limit the accuracy of measurements to nanometers, 
but these errors can be minimized by spatially separating the beams [18]. 

4.2.1 Periodic Error Simulation 
To begin analysis of the compact heterodyne interferometer, I developed a MATLAB 
simulation that accounts for all sources of phase error in the system.  All simulation 
analysis was performed for the HeNe interferometer set up using Equations 29-32 to 
compute the interference results. 

For analysis, a theoretical displacement was plotted against the calculated displacement 
from Equations 29-32.  This means that the theoretical displacement is the physical 
displacement the measurement mirror would be translated in experimentation, and the 
calculated displacement would be the displacement as measured by the interferometer.  
By plotting these on the x and y axes respectively, the system can be analyzed for periodic 
errors.  If the system is free of periodic errors, the plot should show a linear trend, meaning 
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the theoretical displacement is exactly equal or proportional to the displacement 
measured by the interferometer.  Using MATLAB’s basic curve fitting tool with a linear fit, 
the periodic errors can be measured and quantified. 

When considering the system to be completely isolated, with no inherent phase errors, 
the interferometer was found to have no traces of periodic errors.  Figure 4-1a shows the 
theoretical displacement versus the calculated displacement from the interferometer.  The 
calculated values were fit to a linear function and the residual errors are plotted below in 
figure 4-1b.  Small errors can be seen on the order of 10-14 m, but these are only due to 
calculation errors, and not periodic errors from mixing within the system.  As the sampling 
in the MATLAB code was increased, the residual errors decreased, confirming that they 
are solely calculation errors. 

a) 
 
 
 
 
 
 
 
 
 
 
 
b) 

 
Figure 4-2 Periodic error simulation for theoretical HeNe interferometer. a) Actual (theoretical) displacement plotted 
with the calculated displacement seen from the interferometer with a linear fit. b) Plot of the residual error from the 

linear fit in the above plot. All errors can be attributed to calculation error. 

4.2.2 Experimental Periodic Error Analysis 
To experimentally analyze the HeNe interferometer for periodic errors, displacement 
experiments were performed with both the HeNe interferometer as well as with a 
commercial Renishaw homodyne interferometer.  For the periodic error experiment, the 
Moku:Lab phasemeter was used to measure the HeNe interferometer with a phase 
sampling frequency of 30.5 Hz.  The Renishaw interferometer was set to a sampling 
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frequency of 20 Hz which was close to that of the Moku:Lab. The PZT stage moved in 
steps of 50 nm over 5 seconds and averaged over 7 μm range to reduce errors from the 
stage movement.  Figure 4-3 shows the displacement seen by each interferometer.  The 
displacements measured by the HeNe and Renishaw interferometers show a similar 
trend. 

a) b)  
Figure 4-4 Displacements seen by the HeNe and Renishaw interferometers when MM is driven by a PZT stage a 

distance of 7 μm. 

The nominal displacement curves were fit to a low order polynomial (6th order) to 
investigate for periodic errors in the measurements [19].  Any periodic errors will appear 
in the residual errors from the fit.  The residual error for each interferometer is shown in 
Figure 4-4 below.  The standard deviation of the residuals of the HeNe interferometer is 
2.27 nm while the standard deviation of the residuals of the commercial Renishaw 
Interferometer is 4.12 nm.  The Renishaw interferometer shows larger deviations. 
Periodic errors can be shown more clearly by doing a Fourier analysis of the data.  
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Figure 4-5 Residual errors from 6th order polynomial fit to nominal displacement measurements. 

The Fourier transform of the residual errors display clearly the amplitude of the errors and 
their periodicity in terms of integer fringe orders.  First and second order periodic errors 
are mainly due to beam leakage in the interferometer.  Figure 4-6 shows the Fourier 
results of the residual errors from the HeNe and Renishaw interferometers.  At 1 fringe, 
the Renishaw interferometer shows a tall peak of just under 1.3 nm, indicating the 
presence of periodic errors in the system.  However, there appear to be no tall peaks at 
integer fringe orders for the HeNe interferometer and thus it can be concluded that there 
are no detectable periodic errors in the HeNe interferometer. 
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Figure 4-6 Fourier analysis of the periodic errors in the HeNe and Renishaw interferometers.  At 1 fringe, tall peak 

can be seen in the Renishaw, indicating the presence of periodic errors in that system. 

5 Summary 
There were three main goals considered during the design process for the interferometer 
outlined in this research:  a) achieve sub-nanometer resolution, b) measure linear motions 
of more than a single fringe, and c) have a compact design.  Interferometry is an essential 
tool for performing very high precision measurements, where light can be used as a ruler 
for measuring small artifacts and dynamics through length changes.  More specifically, 
displacement measuring interferometers offer the most sensitive and accurate method of 
measuring linear motion.  Measuring linear displacement with high precision can be 
limited to a precision above the nanometer level by periodic errors in the interferometer 
which are caused by frequency and polarization mixing, as well as ghost reflections.  In 
order to achieve sub nanometer level precision, periodic errors need to be mitigated 
through spatial separation of the beams travelling through the interferometer and well-
controlled misalignment of the optics. 

The second goal was to perform measurements on targets that travelled significantly 
more than a single fringe, or wavelength.  The interferometer needed to be heterodyne in 
order to track linear motion over such distances.  Heterodyne interferometry utilizes two 
frequency-shifted laser beams which create a beat signal.  By detecting phase changes 
in this beat signal, the linear motion of a target can be quantified. 

Finally, the interferometer also needed to have a compact design to allow for future 
integration directly onto optomechanical resonators.  The components chosen for the 
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design were “off-the-shelf” but chosen with consideration for future ventures of making a 
single block prototype that could be situated onto an optomechanical resonator. 

The compact heterodyne interferometer design described in this thesis shows no 
detectable periodic errors and has demonstrated displacement measurement precisions 
at the picometer level in air. After simulation and comparison with a commercial 
interferometer, it was confirmed that the HeNe interferometer had no traceable periodic 
errors while the commercial interferometer showed errors of first order with an amplitude 
of 1.3 nm, limiting its precision. 

The HeNe interferometer was stable over short time periods to a standard deviation of 28 
pm.  However, on a longer time scale, the interferometer saw measurement drifts driven 
by temperature fluctuations.  However, even in a thermally uncontrolled environment, our 
HeNe interferometer showed a thermal stability higher than commercial Zygo 
interferometers by a factor of two [14].  Through Allan deviation analysis, it was 
determined that our HeNe interferometer is stable to 1.87 pm at integration times of 1 
second.  Through linear spectral density analysis, it was concluded that the HeNe 
interferometer’s displacement noise floor for a single mirror setup is 100 pm for 
frequencies less than 0.1 Hz and less than 10 pm for frequencies between 0.1 Hz and 10 
Hz. 

Currently, our lab is working towards building a single block version of the interferometer 
design in this thesis that is highly compact, on the order of 2-3 cm long.  It will be highly 
stable due to its monolithic fabrication, allowing for straightforward integration onto 
optomechanical inertial sensors as well as integration into other research and industrial 
applications for ground and space-based systems.   
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